Stem cells have generated great interest in the past decade as potential tools for cell-based treatment of human high-grade gliomas. Thus far, 3 types of stem cells have been tested as vehicles for various therapeutic agents: embryonic, neural, and mesenchymal. The types of therapeutic approaches and/or agents examined in the context of stem cell -based delivery include cytokines, enzyme/prodrug suicide combinations, viral particles, matrix metalloproteinases, and antibodies. Each strategy has specific advantages and disadvantages. Irrespective of the source and/or type of stem cell, there are several areas of concern for their translation to the clinical setting, such as migration in the adult human brain, potential teratogenesis, immune rejection, and regulatory and ethical issues. Nonetheless, a clinical trial is under way using neural stem cell -based delivery of an enzyme/prodrug suicide combination for recurrent high-grade glioma. A proposed future direction could encompass the use of stem cells as vehicles for delivery of agents targeting glioma stem cells, which have been implicated in the resistance of high-grade glioma to treatment. Overall, stem cells are providing an unprecedented opportunity for cell-based approaches in the treatment of high-grade gliomas, which have a persistently dismal prognosis and mandate a continued search for therapeutic options.
T he use of stem cells (SC) as therapeutic vehicles for brain tumors has garnered much attention over the past decade. This is attributable to the fundamental ability of SC to migrate, or home, to brain tumors 1 irrespective of the blood brain barrier (BBB) and to be manipulated into expressing various therapeutic molecules. 2 These characteristics, together with their inherent immunosuppressive properties 3 -5 and the difficulties encountered in the use of viruses in gene therapy clinical trials, 6 spurred the exploration of SC as vehicles for cell-based therapy of human high-grade gliomas (hHGG), the most common and devastating type of primary malignant brain tumor.
Thus far, hHGG continue to carry an extremely poor prognosis. Patients with glioblastoma, the most common type of hHGG, 7, 8 have an overall survival of less than 10% at 5 years after standard-of-care treatment with surgery, ionizing radiation, and temozolomide. 9 Recent evidence has revealed the presence of cancer SC in gliomas, also known as glioma stem cells (GSC), and suggested that they may be the culprits behind the resistance of hHGG to therapy. 10 Initial strategies to improve delivery of genes or other therapeutic agents for hHGG used neural stem cells (NSC) as vehicles, 2 but as knowledge of SC expanded, mesenchymal stem cells (MSC) 11 and embryonic stem cells (ESC) 12 were also tested. Important to the development of SC as vehicles were observations in preclinical models that SC have immunomodulatory functions enabling immune evasion and suppression of the immune system, particularly of T cells, 3 -5 the main effectors of cellular rejection. In NSC, this effect has been postulated to be indirect via peripheral mechanisms, 3 whereas MSC and ESC appear to have more direct effects. 4, 5 In addition, MSC have been reported to induce T cell apoptosis 4 and ESC to have diminished T cell activation from low major histocompatibility molecule expression, although susceptible to epigenetic modification. 5 Preclinical testing of SC-based therapies is typically performed in immunodeficient mouse models in which tumors are created by the injection of hHGG cells either intracranially or into the flank. 13 Intracranial injection of hHGG cells (i.e., orthotopic xenograft model) has the advantage of providing a native environment. However, it has significant limitations, 13 including low histopathologic similarity of the resultant tumors to clinical ones and the inability to recapitulate tumor-specific immune responses with implications for SC migration. These limitations heighten concern over the translation of results to the clinic, particularly with respect to SC migration as highlighted in the discussion.
Nevertheless, this type of model is a mainstay of preclinical testing based on a number of practical factors, such as cost, availability, and ease of handling. 13, 14 To date, SC have been manipulated to deliver the following: cytokines, enzyme/prodrug suicide combinations, viral particles, matrix metalloproteinases, and antibodies. Table 1 provides a summary of the agents delivered by SC, as discussed below. Of note, the therapeutic agents are classified according to the final target being delivered, because viruses are often used to transfect SC. Viral particles refer to oncolytic viruses, where by definition, the virus is the effector mechanism.
ESC
ESC are found in the inner cell mass of a blastocyst formed after the union of sperm and egg. 15 A major advantage of ESC over other types of SC is their capacity to be permanently and genetically modified using homologous recombination. 12 The enthusiasm of using ESC is tempered by the regulatory, political, and ethical issues behind their procurement. 16 Recent work on inducible pluripotent stem cells (iPSC), for which patient-specific cells may be easily obtained from peripheral blood and reprogrammed into pluripotent SC similar to ESC, may overcome these limitations. 17 However, no studies to date have tested iPSC as vehicles for cell-based therapy against hHGG. Experimental use of ESC for hHGG has focused on cytokine delivery.
Cytokines
With use of a novel and unique approach, ESC were genetically modified to express a doxycyline-inducible transgene and differentiated into astrocytes with more than 95% purity per flow cyometric analysis of glial fibrillary acidic protein. 18 The astrocyte lineage was chosen as the differentiation end point for several reasons. Astrocytes are highly secretory cells with intracellular machinery in place for the secretion of multiple growth factors and metabolic intermediates critical for neuronal function. 19 Astrocytes do not interfere with neural circuitry and migrate along white matter tracts. 18, 20 The transgene of choice was tumor necrosis factor -related apoptosis-inducing ligand (TRAIL), based on its ability to selectively induce apoptosis in tumor cells. 20 ESC-derived astrocyte-mediated delivery of TRAIL significantly induced apoptosis of hHGG in vitro 21, 22 and in vivo. 23 Because the effects of TRAIL were not uniform across hHGG lines, 23 ESC-astrocytes were engineered with doxycycline-inducible melanoma differentiation associated gene-7/interleukin-24 (mda-7/IL-24), a cytokine that induces apoptosis in a variety of cancer cells while sparing normal ones via viral-mediated delivery. 24, 25 When cocultured with hHGG cells, mda7/ IL24-expressing ESC-derived astrocytes increase hHGG apoptosis, autophagy, and radiosensitivity and overcome resistance to TMZ. 24 Further work is under way to confirm these results in vivo. 
NSC
In addition to tumor tropism, infiltrative potential across the BBB and manipulation of cell survival times in vivo, a major advantage of NSC is that it is the only SC native to the brain. 2 Disadvantages include the possibility of de-differentiation. NSC have been used in 4 therapeutic strategies. In order of frequency, these consist of cytokines, enzyme/prodrug suicide combinations, viral particles, and matrix metalloproteinases.
Cytokines
The most frequently delivered therapeutic agents using NSC are cytokines. One of the first studies to report the use of NSC as cell-based vehicles for gene therapy delivered interleukin (IL)-4 to experimental hHGG. 26 Investigators found increased survival rates with administration of IL-4 expressing NSC into established experimental hHGG. 26 The second study tested IL-12 with similar effects and corroborated the technical feasibility of cytokine delivery via NSC. 27 NSC-mediated delivery of IL-23, belonging to the same family as IL-12, also resulted in increased survival times in mice via increased cytotoxic T cell and natural killer cell responses. 28 Finally, intracranial injection of TRAIL-expressing NSC also resulted in tumor apoptosis and reduction of tumor area. 29 Efficacy of TRAIL-expressing NSC was enhanced by the concomitant administration of the proteosome inhibitor bortezomib. 30 An additional technique that increased the effectiveness of TRAIL-based NSC delivery was creation of a soluble form of TRAIL (S-TRAIL) by fusion of the extracellular domain of TRAIL with that of Flt3L, a ligand for the Flt3 tyrosine kinase receptor. 31, 32 This is in keeping with experiments in rodent models showing that adenoviral-mediated delivery of Flt3L alone inhibits glioma growth and improves survival. 33 S-TRAIL -expressing NSC have also been combined with other strategies, such as microRNAs 34 and TMZ, 35 with positive results. Novel molecular imaging techniques allowed noninvasive confirmation of NSC tumor infiltration. 32 These experimental results, combined with the increasing repertoire of TRAIL-based clinical trials for other cancers, 36 warrant continued development of SC-based TRAIL delivery.
Enzyme/Prodrug
Two enzyme/prodrug systems for suicide gene therapy have been transfected into NSC for hHGG treatment: thymidine kinase/ganciclovir (tk/GCV) and cytosine deaminase/5-fluorocytosine (CD/5FC). In these systems, after administration of the prodrug, the enzyme converts the prodrug into its active form (phosphorylated ganciclovir and 5-fluorouracil, respectively), which interferes with DNA synthesis and induces chain termination apoptosis in proliferating tumor cells, causing them to commit "suicide". Although the herpes simplex virus (HSV) tk/GCV system is the most well-studied in viral-mediated gene therapy, 6 a comparably small number of studies have examined its efficacy in NSC. Evaluation in rodent intracranial models confirmed NSC migratory abilities after transfection and demonstrated reduction in tumor growth attributable to bystander effects. 37 -39 Bystander effects correlated with expression of gap junctions and were dependent on cell-to-cell contact. 40 Although seen by some as a drawback because of the potential for gap junction modification in hHGG, others argue it is a major reason for lower neurotoxicity, compared with CD/5FC, in which delivery is based on diffusion. 40, 41 Studies examining the therapeutic efficacy of NSC-mediated delivery of CD/5FC also found reductions in tumor volumes and extended survival in experimental rodent models. 41 -43 This was accompanied by significant neurotoxicity as manifested by peritumoral necrosis, edema, demyelination, and hydrocephalus. 42 NSC double transduction of CD/5FC and interferon (IFN)-b shows promising results, 44 but the potential for neurotoxicity inherent in this strategy remains a serious concern.
Viral Particles
Data on the delivery of viral particles via NSC are limited, with relatively few reports in the literature. 45 -47 The first was a proof-of-concept study demonstrating the feasibility of loading NSC with a conditionally replicating mutant HSV-1 (mutant HSV-1) and manipulating both viral replication and particle release with the use of mimosine (an agent that can arrest viral replication without compromising NSC) to achieve distribution throughout tumor parenchyma. 45 The second study loaded NSC with a conditionally replicating adenovirus under control of a survivin promoter (CRAd-survivin) overexpressed in hHGG cells to restrict viral replication to these cells; in addition to demonstrating viral particle delivery in vitro, authors demonstrated that virally loaded NSC retained their migratory capacity and could reduce tumor volume in a subcutaneous hHGG model. 46 A subsequent study in an orthotopic xenograft model using this system extended these results and demonstrated a significant increase in median survival and upregulation of chemoattractant receptors. 47 Several hurdles are inherent in the use of NSC for the delivery of viral particles, not the least of which is to achieve an adequate balance between viral loading and lysis of the carrier cell. Areas of investigation that could enhance the development of NSC adequate for preclinical and/or clinical studies include improving the transduction and extending the life-span of virusloaded carrier cells. 48 A recent direct comparison between virally loaded CRAd-survivin NSC and MSC has shown a significantly higher amount of viral particle release from NSC despite similar capacities for viral replication and longer median survival time. 49 
Matrix Metalloproteinase
A naturally occurring fragment of the enzyme matrix metalloproteinase-2, PEX is expressed in samples of hHGG and can inhibit angiogenesis, suppress tumor cell proliferation, and induce apoptosis. 50 When tested in vivo, intraperitoneal injections of PEX resulted in nearly complete tumor eradication. 50 These dramatic results motivated examination of PEX delivery via NSC. 51 Experiments revealed significant decrease in hHGG cell viability in vitro and tumor volume in vivo. 51 Histological analysis of tumors revealed a significant decrease in tumor vascularization and proliferative index. 51 Of interest, there was no change in apoptotic index, which was attributed to delivery of a lower PEX concentration and was consistent with prior work showing that a higher concentration was necessary to induce apoptosis, whereas a lower one was sufficient to inhibit angiogenesis. 50, 51 Overall, these studies provide the first documentation of a SC-based delivery system of an anti-angiogenic therapeutic agent.
MSC
MSC are multipotent SC deriving from ESC that reside in the bone marrow and can differentiate into cells of mesenchymal lineage, such as osteoblasts, adipocytes, chondrocytes, and myocytes.
11 The traditional source of MSC is the bone marrow, but there are other sources, including adipose tissue, umbilical cord blood, and placenta.
11 The major advantage of MSC is their relative ease of availability, compared with other types of SC, 52 while retaining the fundamental characteristics of SC, such as tumor tropism and infiltrative potential across the BBB. Comparison of MSC and NSC migration has revealed no significant differences. 35, 49 MSC have been used to deliver a number of therapeutic agents and/or systems, including cytokines, enzyme/prodrug combinations, viral particles, and antibodies (ranging from most to least frequently used).
Cytokines
MSC have been used to deliver several types of cytokines for the treatment of hHGG, including ILs, IFNs, and TRAIL. After confirming that the function of MSC was not affected by IL-2 expression, investigators first showed that IL-2 -expressing MSC migrated toward hHGG both in vitro and in vivo and significantly prolonged rodent survival, in association with decreased tumor volume and increased lymphocyte infiltration. 53 Of interest, decreased expression of IL-2 and IFNg constitute part of the endogenous defective anti-glioma immune response in a spontaneous hHGG model, 54 providing further basis for those findings and suggesting IFNg as a possible cytokine of interest. The data with IL-2 -expressing MSC provided the basis for use of MSC as cell-based vehicles in treatment of hHGG. The technical feasibility of this approach was confirmed soon afterward by a study delivering IFNb-expressing MSC in both ipsilateral and contralateral rodent carotid arteries; cells homed to the established hHGG, inhibited proliferation, and prolonged rodent survival. 55 Since then, the repertoire of cytokines successfully tested has expanded to include IFNa, 56 IL-18, 57 TRAIL, 58 -61 and IL-12. 62, 63 The addition of a systemically administered PI3K/mTOR inhibitor to MSC-delivered TRAIL further reduced tumor growth in an experimental model, compared with either treatment alone. 64 The effects of TRAIL-expressing MSC were notably present against hHGG associated with high levels of Akt expression. 58 These studies raised several issues, such as kinetics of SC-based delivery, injection site, and effect of MSC on tumor growth. For example, one study described persistence of TRAIL-expressing MSC for 14 days; however, expression began to decrease after 7 days, correlating with diminished therapeutic effect and raising the possibility of multiple injections. 58 Data in rodents demonstrate induction of apoptosis and prolongation of survival times even with systemic intravascular and/or intravenous injections, 61 suggesting that the potential for repeat injections may be a less-daunting obstacle in the clinical setting. MSC alone may have effects on tumors, with some studies noting positive effects on recipient survival 55,57 and others not, 58, 61 possibly because of differences in the soluble factor microenvironment. 65 
Enzyme/Prodrug
The only enzyme/prodrug suicide gene therapy combination tested in MSC to date is HSV tk/GCV. 66, 67 In addition to confirmation of in vivo migratory characteristics, investigators confirmed gap junction formation between MSC and hHGG cells 66 and found tumor growth suppression. 67 Bystander effects were observed following intratumoral administration of MSC and intraperitoneal injection of GCV, with a significant fraction of mice surviving long-term. 66 A novel and noteworthy aspect of this study was the use of PET and MRI, both clinically well established imaging modalities, to track the injected cells and determine therapeutic efficacy. 66 Although the translation potential of this therapeutic strategy to the clinic may be arguable, there is no question as to the value of developing molecular imaging techniques to track cells in vivo for therapies based on cell-mediated gene delivery.
Viral Particles
With respect to MSC-mediated delivery of viral particles, proof of principle was first provided using a conditionally replicating adenovirus under control of the CXCR4 promoter (CRAd-CXCR4) in MSC; when injected distant to the tumor in an intracranial model, MSC succesfully migrated to the tumor site in the setting of increasing intracellular viral replication and released viral particles that infected hHGG cells. 68 The next study, using a conditionally replicating adenovirus under control of a promoter regulated by retinoblastoma pathways (CRAd-Rb), provided information on the effect on tumor volume and, for the first time, used an intravascular mode of delivery for the virally loaded MSC. 69 Cells migrated to the intracranial tumor site, inhibited hHGG growth, and increased median rodent survival. 69 Investigation of immune mechanisms underlying the function of CRAd-survivin MSC using the semi-permissive cotton rat model 70 demonstrated attenuation of the antiviral response via T cell suppression, with subsequent enhancement of adenoviral dissemination and persistence, compared with adenoviral injection alone. 71 
Antibodies
Expression of surface antibodies on the surface of MSC serves as an alternative to the delivery of soluble factors. Thus far, this concept has been demonstrated with expression of a single-chain antibody against EGFRvIII on the surface of human MSC. 72, 73 This choice of target was based on several lines of evidence, including a frequency of EGFRvIII expression of 20%-30% in glioblastoma samples and promising preclinical data. 74 MSC expressing the EGFRvIII antibody accumulated within EGFRvIII-positive experimental HGG to a significantly higher degree, compared with the nonmodified MSC, and were associated with significantly smaller tumor volumes. 73 Furthermore, when investigated in an intracranial model, injection of MSC expressing EGFRvIII significantly prolonged recipient survival and was associated with a significant decrease in phosphorylated Akt expression. 73 
Discussion
Thus far, ESC, NSC, and MSC have been used to deliver multiple therapeutic agents for the treatment of experimental hHGG, each with specific advantages and limitations as reviewed. These agents may be classified in 5 categories: cytokines, enzyme/prodrug combinations, viral particles, matrix metalloproteinases, and antibodies. Preclinical results have shown promising effects on hHGG cell survival and tumor growth with all 3 types of SC. However, irrespective of the SC source, there are several areas of current concern in translating results to the clinical setting.
The first area involves migration. Rodents display a higher degree of NSC migration, 75 -79 and it is unclear whether it is secondary to the SC or recipient brain. Although preclinical data demonstrate that human SC injected into immunocompromised rodents migrate toward hHGG, it is not certain that the same extent of migration will occur after engraftment in human brains, with serious implications for therapeutic efficacy. Another major issue is teratogenesis. The potential for teratogenesis from transplanted SC has been highlighted in a recent report documenting the case of a 13-year-old patient who developed a donor-derived brain tumor after receiving a NSC transplant for ataxia telangiectasia. 80 Teratogenesis remains a concern and requires continued optimization of cell sorting, purification, and ablation strategies. 81 Most recently, spontaneous tumor formation in MSC long-term cultures has become the subject of controversy. 82 -84 Although likely arising from the cross-contamination of cell lines, further work is necessary to develop strategies for the elimination of this risk. Immune-based concerns may be 2-fold. On one hand, mechanisms leading to SC immune privilege may be subject to modification, rendering them susceptible to immune rejection and hampering their therapeutic efficacy. On the other hand, the immunosuppressive functions of SC could theoretically lead to increased risk of infection, which could also be heightened from oral immunosuppressant adjunct therapy. There are multiple regulatory issues of concern, including the establishment of institutional oversight and optimized protocols for the safe and reliable production of SC vehicles. 85, 86 This would also involve development of robust screening strategies to avoid infectious contamination of human pathogens. 85, 86 Lastly, there continue to be significant ethical and social concerns on the use of SC, particularly revolving around ESC. 87 This has involved not only issues with their procurement but has also focused on the question of the moral and legal status of the embryo requiring protection. 87 Although some argue that iPS may overcome these concerns, 16 others note that there is no ethical bypass with iPS on the basis of the moral complicity involved in the development of iPS technology. 88 Although many aspects of SC-based therapy need to be optimized for clinical use, several clinical trials are under way that use NSC and MSC for cell replacement therapy in various non-glioma central nervous system pathologies. NSC are being used for the treatment of neuronal ceroid lipofuscinoses 89, 90 and amyotrophic lateral sclerosis. 91 Results of a phase I study including 6 patients with neuronal ceroid lipofuscinosis who underwent intracerebral and intraventricular transplantation of NSC with postoperative immunosuppression have been reported. 89 The procedure was well-tolerated with evidence of donor cell engraftment and survival at 11 months after transplantation. 89 Longer follow-up is awaited to evaluate potential therapeutic effects. Use of MSC has been reported more widely to date in pilot clinical trials involving stroke, 92 multiple sclerosis, 93 and amyotrophic lateral sclerosis 93 in adults and metachromatic leukodystrophy and Hurler syndrome 94 in the pediatric population. Study size was small across all trials, ranging from 5 to 12 patients, but no significant adverse events were reported deriving from the transplantation procedure and/or infection, a primary end point for all studies. With respect to therapeutic efficacy, results were not conclusive. Preliminary data in stroke suggest potential improvement in median daily stroke scores and lesion volumes, but the study was not blinded and was limited by several other factors, including delayed cell delivery and disease natural history. 92 In patients with metachromatic leukodystrophy, the authors reported significant improvement in nerve conduction velocities and mild improvement in bone mineral density but no clinically apparent changes in the patients' condition. 94 Neither of these studies documented the biodistribution of the infused MSC, with implications for therapeutic efficacy and cell number 95, 96 In this pilot study, the CD/5FC enzyme/prodrug system is being used. Patients receive intracerebral implantation of NSC carrying CD at the time of tumor resection, and then are given oral 5-fluorocytosine every 6 hours on postoperative days 4-10. 96 The primary objective is determination of safety and feasibility of the technique, and secondary objectives include assessment of pharmacokinetics and immunogenicity. Fig. 1 . Schematic presentation of potential concomitant and sequential therapeutic combinations involving a prodifferentiation agent (e.g., BMP) and SC-based delivery of a pro-apoptotic agent (e.g., TRAIL). In the concomitant approach, BMP would be administered to differentiate the GSC, which would then be eliminated by SC-delivered TRAIL. With this approach, it would be optimal for the SC vehicle to be fully differentiated, such as has been shown with ESC-derived astrocytes, to avoid the prodifferentiation effects of BMP (see text). In the sequential approach (in which BMP is administered before the delivery of SC-based TRAIL), the SC-vehicle may be undifferentiated SC (such as NSC or MSC) or alternatively be fully differentiated into a terminal cell, such as an astrocyte. The overall concept depicted in this schematic is to combine the use of SC-based delivery with GSC-directed therapeutics to more effectively eliminate GSC. Abbreviations: SC-Astro, SC-derived astrocytes; SC Astro, SC that can be either differentiated intro astrocytes or remain undifferentiated. Proposed Future Direction A conceptually appealing yet unexplored idea would be to use SC vehicles in the fight against GSC that have been implicated in the resistance of hHGG to treatment. In this therapeutic approach, SC-based delivery of therapeutic agents would be combined with systemic GSC-directed agents. A recent study used a systemic PI3K/mTOR inhibitor (a GSC-directed agent with effects on GSC proliferation and invasion) with MSC-delivered TRAIL in an experimental model; 64 investigators administered the inhibitor prior to the injection of TRAIL-expressing MSC and found decreased tumor growth. 64 This study, although the first to use a PI3K/mTOR inhibitor together with SC-based TRAIL delivery, notably did not specifically investigate the effects of combined therapy on GSC.
There are many ways in which SC could be used to target GSC and/or in which targeting strategies against GSC could be combined with SC-based delivery of therapeutic agents. One novel combination strategy for the potential elimination of GSC is shown in Fig. 1 . It consists of inducing GSC differentiation via an agent, such as bone morphogenic protein (BMP) 97 and then either concomitantly or subsequently delivering a pro-apoptotic agent, such as TRAIL, via an SC-based delivery system. A problem in using the concomitant approach is that the SC could be affected by the prodifferentiation agent and could potentially lose the capacity to both migrate and deliver the pro-apoptotic agent. To circumvent this obstacle, one could fully differentiate SC prior to engraftment, as has been shown feasible with ESC-derived astrocytes. 12,18,20 -24 Alternatively, in the sequential approach, in which the prodifferentiation agent is administered before SC-based delivery of the proapoptotic agent, the SC-vehicle would remain unaffected, and undifferentiated SC could be used. SC could also be engineered to deliver a GSC-specific agent, although this would require that the SC-vehicle either remain unaffected by the agent that it is delivering or become affected at a point when it is no longer a necessary component of the therapy.
Regardless of the specific type of agent, cell, and timing schematic, the concept of combining SC-based delivery with GSC-specific agents for potential elimination of GSC merits further consideration. Because of the demands inherent in performing experiments to the highest technical standards, close collaboration between groups may be necessary to efficiently link the 2 areas that investigate SC as vehicles and GSC as targets.
Conclusions
In summary, the use of SC as cell-based vehicles for the delivery of agents targeting hHGG has accrued promising preclinical data using a variety of agents reviewed here that warrant continued investigation of this methodology. There are several areas of concern for translation to the clinical setting, including migration, teratogenicity, immune rejection, and regulatory and ethical issues. Nonetheless, a Food and Drug Administrationapproved clinical trial is under way that uses NSC-based therapy for recurrent hHGG. SC-based therapy could be combined with GSC-targeting strategies for the potential elimination of GSC, implicated as the culprits behind the treatment resistance of hHGG. Overall, SC are providing an unprecedented opportunity for cell-based approaches to the treatment of hHGG that continues to carry a dismal patient prognosis.
